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\S 2 \S 3 Kelvin
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MSTW $m$ 2 $(m,m+2)$
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$\epsilon\ll$ ] $z$ $u$
$u,$ $v,$ $w$ Euler 2
$U$ $P$ :
$U=U_{0}+\epsilon U_{1}+O(\epsilon^{2})$ , $P=P_{0}+\epsilon P_{1}+O(\epsilon^{2})$ , (2.2)
$U_{0}=0$ , $V_{0}=r$, $P_{0}=r^{2}/2-1$ , (2.3)
$U_{1}=-r\sin 2\theta$ , $V_{1}=-r\cos 2\theta$ , $P_{1}=0$ . (2.4)
$u$,
$p$
$\frac{\partial u}{\partial\iota}+(U\cdot\nabla)u+(u\cdot\nabla)U+(u\cdot\nabla)u=-\nabla p$ , $\nabla\cdot u=0$ (2.5)
$u\cdot n=0$ at $r=1+\epsilon\cos 2\theta/2$ (2.6)
191
$n=(1-\epsilon\cos e\theta/2)e_{r}+\epsilon\sin 2\theta e_{\theta}$ $u$
$\alpha$ $\epsilon$ 2 :
$u=\alpha u_{01}+\alpha^{2}u_{02}+\epsilon$$au$ $11+\alpha^{3}u_{03}+\cdots$ . (2.7)
$p$ $k$ $\omega$ $\epsilon$ :




$u_{01}= \sum A_{m}(t)u_{01}^{(mh)}\exp[i(m\theta+k_{0}z)]+c.c.$ , $A_{m}(t)\propto\exp(-i\infty t)$ (3.1)




$p_{01}=J_{1}(\eta_{m}r)$ , $\eta_{m}=[(\frac{4}{(ob-m)^{2}}-1)\hslash]^{1/2}$ (3.3)
$u_{01}^{(ml_{0})},$ $v_{01}^{(mh)}$ , wO(ml’
(2.6) $a4$
$J_{m+1}( \eta_{m})=\frac{\iota r-m-2}{an-m}J_{m}(\eta_{m})$ (3.4)
4
Euler $(u\cdot\nabla)u$ Kelvin $\theta$ $z$
Euler [211
Lagrange [6]
isovortical sheet Amold [1]
Hirota & Fukumoto [12] Lagrange $\alpha$ 2
isovortical sheet $O(a^{2})$ FukumotO & Himta
[9] $O(\alpha^{2})$ 1 Lagrange
Kelvin Euler
(\S 41) Lagrange
(\S 4.2) \S 5 MSTW
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$|A_{m}|^{2_{\overline{u_{02}}}(m,b)}(r)$ Kelvin $\Lambda_{m}u_{0I}^{(m,k_{0})}\exp[i(m\theta+k_{0}z)]+c.c$ .





$N$ $N=$ $(N_{r},N_{\theta},N_{z})=-\Sigma|\Lambda_{m}|^{2}[(\overline{u_{02}^{(mh)}}\cdot\nabla)\overline{u_{02}^{(m,h)^{*}}}+(\overline{u_{02}^{(m,k\mathfrak{y})}}$ . $\nabla)\overline{u_{02}^{(m,k_{1)})}}]/2$
2 $N_{\theta}=N_{z}=0$
$;=0$
2 ($=$ ) ; $\overline{w_{02}}$
(4.2) $\overline{v_{02}}$ $\overline{p_{02}}$ $r$
Mason &Kerswell [20] Greenspan [10] Kelvin
193
4.2 Lagrsnge
$\mathcal{D}$ SDiff$(\mathcal{D}$ $)$ $\phi\in SDiff(\mathcal{D})$ Lagrange
$\xi$
$\xi=\alpha\xi_{1}+\frac{a^{2}}{2}\xi_{2}+\ldots$ (4.6)
2 $O(\alpha^{2})$ $\omega_{0}=\nabla\cross U_{0}$ isovortical
sheet (2.7) $O(\alpha^{2})$ $u=\alpha u_{01}+\alpha^{2}u_{02}$ ;
$u_{01}=.\varphi[\xi]\cross\omega_{0}]$ , $u_{02}=9[\xi_{1}\cross(\nabla\cross(\xi_{1}\cross\omega_{0}))+\xi_{2}\cross\omega_{0}]/2$ (4.7)
[9] isovortical sheet $H$
$H=H_{0}+ \alpha H_{1}+\frac{\alpha^{2}}{2}H_{2}+\ldots$ , (4.8)
$H_{1}=0$ , $H_{2}= \int_{\mathscr{D}}w\cdot(\frac{\partial\xi_{1}}{\partial t}\cross\xi_{1})dV$ (4.9)
[12] 2 1 Lagrange




$u_{01}= \frac{\partial\xi_{1}}{\partial t}+(U_{0}\cdot\nabla)\xi_{I}-(\xi_{1}\cdot\nabla)U_{0}$ (4.11)
$\xi_{1}=\sum\frac{u_{m}}{\iota r-m}u_{01}^{(ml_{0})}+c.c$ . (4.12)
uO(ml’ $z$
$H_{02}= \sum H_{02}^{(m,h)}$ , (4.13)
$H_{02}^{(mh)}= \sum ian|\Lambda_{m}|^{2}\int_{\mathscr{D}}e_{z}\cdot(\xi_{1}^{(m,k_{0})})^{*}\cross\xi_{1}^{(m,b)}dV=-\frac{8\pi 0h(2k_{0}^{2}+mr+m^{2})J_{m}(\eta_{m})^{2}}{(r-m-2)(ax\}-m)^{3}(an-m+2)}|A_{m}|^{2}$ (4.14)
(3.4) $k_{0}$ $-2<W-m<2$
Kelvin $H_{02}^{(mh)}$ $a4$ ( $m$) Kelvin
$(0\mathfrak{y}=0)$ $H_{02}$ $m\geq 1$ 1
(cograde mode) Kelvin
1 $($reffopde $mode)$
$\overline{u_{02}}=\overline{\xi\cross\frac{\partial\xi}{\partial z}}=\sum 2ik_{0}|A_{m}|^{2}(\xi^{(m\prime}h))^{*}\cross\xi^{(mh)}$ (4.15)
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(a) $\overline{v_{02}}^{t^{0}h)}$ (b) $\overline{1\nu_{02^{(0,i_{\phi})}}}$



















(a) $\overline{v_{02^{(2,h)}}}$ (b) $\overline{1|\mathfrak{h}2}(2,k)$
3: $m=2$ Kelvin $(k_{0},\alpha 4)=(2.326$,1.038$)$















$\exp[i(m\theta\pm hz)],$ $\exp[i(m+2)\theta\pm k_{0}z)]$ $O(\epsilon\alpha)$












$u_{11}+(du_{01}/dr-u_{01})\cos 2\theta/2+v_{01}\sin 2\theta=0$ at $r=1$ (5.6)
$cr\neq m+1$
$(\omega_{1}-p_{21}k_{1})\Lambda_{\pm}+p_{11}B\pm=0$, $(\omega_{1}+p_{22}k_{1})B_{\pm}-p_{12}\Lambda_{\pm}=0$ , $(5.\eta$
$p_{21}$ $p_{22}$ $(m,m+2)$
Pll $p_{12}$ (0,2) (5.7) $(A_{\pm},B_{\pm})\neq(O,0)$
$(\omega_{1}-p_{21}k_{1})(\omega_{I}+p_{22}k_{1})+p_{11}p_{12}=0$ (5.12)
$\epsilon\sigma_{1}=\epsilon{\rm Im}[\omega_{I}]$ $=0$ $\epsilon\sigma_{1m\alpha}$
$\sigma_{1\text{ }\alpha}=\sqrt{}[f_{12}$ (5.13)
$(m,m+2)$ $p_{11}$ $p_{I2}$ $(m,m+2)$
Wl
$\Delta k_{1}=\sqrt{p_{11}p_{12}/(p_{21}p_{22})}$ (5.14)
(0,2) 9 $\sigma_{1}$ 1
4 $\sigma_{1}$ (DO $\approx 1$
$\sigma_{1m\alpha}$ $(r-m-1)^{-1}$ $(m,m+2)=(-1,1)$
$(\omega_{0}=0)$
$\sigma_{1m\alpha}=3(3$ $+1)/(8(2$ $+1))$ (5.15)
[27, 21] $(0,2)$ $r$ 1 (5.15) $\tau$
an 1 $\sigma_{1moe}arrow 0$
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(a) $\overline{v_{02}}$ (b) $\pi \mathfrak{s}_{\overline{02}}$
5: Kelvin (5.1) ($k_{0}$ ,Ob) $=(2.326$ ,1.038 $)$
$(k0, ak)=(4.125$ ,1.014 $)$
6















$c_{12}=-C21$ , $C\downarrow 4^{=-c_{23}}$ , $c_{25}=-c_{15}$ (6.4)
199



















$0$ 500 1000 1500
time
7:(68)



















3 2 [13, 20, 8] Fukumoto, Hattori & Fujimura
[8]
$\exp[i(\theta\pm\beta z)]$ , $\exp[i(3\theta\pm\beta z/2-rt)]$ , $\exp[i(4\theta\pm 3\beta z/2-abt)]$ , (7.1)
3 $W=3.32,$ $\beta\approx 3.286$
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$|Z+|$





$\frac{dB_{\pm}}{dl}=i[\epsilon k_{1}B+\alpha q_{2}\overline{A_{=}}C\pm+\alpha^{2}(S21|A_{\pm}|^{2}+s_{2}z|B_{\pm}|^{2}+s_{23}|c_{\pm}|^{2}+s_{24}|A_{\mp}|^{2}+s_{25}|B_{\mp}|^{2}+s_{26}|C_{\mp}|^{2})]$ ,
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